Green Fluorescent Protein with Anionic Tryptophan-Based Chromophore and Long Fluorescence Lifetime  by Sarkisyan, Karen S. et al.
380 Biophysical Journal Volume 109 July 2015 380–389ArticleGreen Fluorescent Protein with Anionic Tryptophan-Based Chromophore
and Long Fluorescence LifetimeKaren S. Sarkisyan,1 Alexander S. Goryashchenko,2 Peter V. Lidsky,3,4 Dmitry A. Gorbachev,1
Nina G. Bozhanova,1 Andrey Yu. Gorokhovatsky,1,5 Alina R. Pereverzeva,1 Alina P. Ryumina,1
Victoria V. Zherdeva,2,6 Alexander P. Savitsky,2 Kyril M. Solntsev,7 Andreas S. Bommarius,7,8,9
George V. Sharonov,1,10 Jake R. Lindquist,11Mikhail Drobizhev,11 Thomas E. Hughes,12 Aleksander Rebane,11,13
Konstantin A. Lukyanov,1 and Alexander S. Mishin1,*
1Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Moscow, Russia; 2A.N. Bach Institute of Biochemistry, Moscow, Russia; 3Institute
of Gene Biology, Moscow, Russia; 4Department of Microbiology and Immunology, University of California, San Francisco, San Francisco,
California; 5Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Pushchino Branch, Pushchino, Russia; 6Russian Medical Academy of
Postgraduate Education, Moscow, Russia; 7School of Chemistry and Biochemistry, 8Petit Institute of Bioengineering and Bioscience, and
9School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, Georgia; 10Faculty of Medicine, Moscow State
University, Moscow, Russia; 11Department of Physics and 12Department of Cell Biology and Neuroscience, Montana State University,
Bozeman, Montana; and 13National Insitute of Chemical Physics and Biophysics, Tallinn, EstoniaABSTRACT Spectral diversity of fluorescent proteins, crucial for multiparameter imaging, is based mainly on chemical diver-
sity of their chromophores. Recently we have reported, to our knowledge, a new green fluorescent protein WasCFP—the
first fluorescent protein with a tryptophan-based chromophore in the anionic state. However, only a small portion of WasCFP
molecules exists in the anionic state at physiological conditions. In this study we report on an improved variant of WasCFP,
named NowGFP, with the anionic form dominating at 37C and neutral pH. It is 30% brighter than enhanced green fluorescent
protein (EGFP) and exhibits a fluorescence lifetime of 5.1 ns. We demonstrated that signals of NowGFP and EGFP can be
clearly distinguished by fluorescence lifetime in various models, including mammalian cells, mouse tumor xenograft, and
Drosophila larvae. NowGFP thus provides an additional channel for multiparameter fluorescence lifetime imaging microscopy
of green fluorescent proteins.INTRODUCTIONProteins of the green fluorescent protein (GFP) family and
their engineered variants are widely used as genetically
encoded labels (1). Different spectral properties of fluores-
cent proteins arise mainly from chemically distinct chromo-
phores, which are formed by self-catalytic modifications
of internal amino acids (e.g., Ser65-Tyr66-Gly67 in GFP
from jellyfish Aequorea victoria). During the maturation
process, the protein backbone at these positions becomes
cyclized and oxidized to form an extended aromatic system
capable of absorption and emission of visible light.
For unclear reasons, all natural fluorescent proteins carry
tyrosine as a central chromophore-forming residue. At the
same time, this tyrosine can be easily substituted with other
aromatic residues by site-directed mutagenesis to convert
green fluorescent proteins into cyan (with Trp66) or blue
(with His66 or Phe66) states (1).
Along with irreversible chemical modifications, the
protonation state of chromophores, which depends on
reversible interactions with surrounding amino acids, has
a strong effect on spectral properties. For example, Tyr66Submitted October 22, 2014, and accepted for publication June 8, 2015.
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0006-3495/15/07/0380/10 $2.00in the A. victoria GFP chromophore can be protonated
(neutral) and deprotonated (anionic); corresponding forms
possess absorption maxima at 396 and 475 nm, respectively.
Similarly, an 80 to 100 nm red shift is characteristic for de-
protonation of different Tyr-based chromophores in both
green and red fluorescent proteins (1).
Recently, we have investigated the possibility of ioniza-
tion of a tryptophan-based chromophore by mutating cyan
fluorescent protein mCerulean. The idea behind these exper-
iments was to induce ionization of the chromophore by
placing it in a tight contact with positively charged side
chain of lysine. As a result, WasCFP, the first fluorescent
protein with anionic tryptophan-based chromophore was
developed, and, to the best of our knowledge, it was also
the first example of tryptophan residue ionization in a
biological system (2).
WasCFP exists as a mixture of molecules with neutral
and anionic chromophores in equilibrium, and the ratio of
the two states depends strongly on pH and temperature
(see Fig. 1 a). The anionic form dominates only at low
temperatures (0 to 20C) and alkaline pH (2). It restrains
both detailed characterization of this unusual chromophore
state (e.g., by x-ray crystallography or nuclear magnetic
resonance) and practical application of WasCFP as ahttp://dx.doi.org/10.1016/j.bpj.2015.06.018
GFP with Anionic Tryptophan Chromophore 381fluorescent tag. In this study we report on NowGFP, a
mutant of WasCFP with stable anionic chromophore and
enhanced maturation and brightness.MATERIALS AND METHODS
Plasmid construction and mutagenesis
Synthetic DNA oligonucleotides for mutagenesis were purchased from
Evrogen (Moscow, Russia). Polymerase chain reactions (PCRs) were
carried out using PTC-100 thermal cycler (MJ Research, Waltham, MA).
Primers used in this study are provided in Table S1 in the Supporting
Material. Purification of PCR products and products of digestion was per-
formed by gel electrophoresis and extraction using the Cleanup Standard
Kit (Evrogen). Site-directed mutagenesis was performed by self-assembly
cloning (3). Random mutagenesis was performed using the Diversify
PCR Random Mutagenesis Kit (Clontech, Palo Alto, CA). The average
mutation rate was set to be ~8 mutations per 1000 nucleotides. For bacterial
expression, a fluorescent protein gene was cloned into the pQE-30 vector
(Qiagen, Hilden, Germany) using EcoRI and HindIII restriction sites or
by self-assembly cloning. Restriction endonucleases were purchased
from Sibenzyme (Novosibirk, Russia). We selected mutants either by visual
screening of Escherichia coli (E. coli) colonies expressing mutant proteins
(using Olympus SZX12 research stereo zoom microscope) or by fluores-
cence-activated cell sorting with FACS Aria III cell sorter (BD Biosciences,
San Jose, CA).
The plasmid used for construction of cell line with stable expression of
NowGFP was made as following. NowGFP sequence was amplified using
polymerase chain reaction, digested with NheI and EcoRV (New England
Biolabs, Ipswich, MA) and inserted into lentiviral vector pRRLSIN.
cPPT.EF1 (kindly provided by Dr. D. Trono, Lausanne, Switzerland). The
plasmid for the expression of NowGFP-cytokeratin-18 fusion was con-
structed by self-assembly cloning using NowGFP/pQE-30 as a source of
NowGFP sequence andmKate2-keratin/N1 (Evrogen) as a vector backbone.
The plasmids for the expression of NowGFP and NowGFP-H2B fusion were
constructed by self-assembly cloning using NowGFP/pQE-30 as a source of
NowGFP sequence and mKate2-H2B/N1 (Evrogen) as a vector backbone.
To generate NowGFP-expressing vector for production of transgenic
Drosophila, the PCR fragment encoding NowGFP-nuclear localization
signal (NLS) was inserted into pUASTattB (4) vector opened with EcoRI
and NotI. NLS was introduced with the reverse PCR oligo.Purification and characterization proteins of
in vitro
Fluorescent proteins were expressed in E. coli XL1 Blue strain (Invitrogen)
in the lysogeny broth medium, centrifuged, sonicated in PBS pH 7.4
(10 mM phosphate buffer, 137 mMNaCl, 2.7 mMKCl), then purified using
Talon metal-affinity resin (Clontech). Cary 100 UV/VIS Spectrophotometer
and Varian Cary Eclipse Fluorescence spectrophotometer (Varian, Inc.,
Palo Alto, CA) were used to measure absorption and excitation-emission
spectra. Quantum yield was determined by direct comparison with
enhanced GFP (EGFP) (PBS pH 7.4, 23C, the quantum yield of EGFP
was assumed to be 0.60). Extinction coefficient was determined as follows.
Synthetic cyan fluorescent protein chromophore in basic dimethylforma-
mide possesses double-peaked absorption curve with two close maxima
at 460 and 473 nm and extinction coefficient 46,000 M1cm1 at both
wavelengths. This value was used to calculate the concentration of mature
protein in a sample of alkali-denatured NowGFP. The extinction coefficient
of the protein at the maximum (494 nm) was then obtained spectrophoto-
metrically using the known concentration.
To measure the pH dependence of spectra, we used 50 mM buffers in the
pH range of 3 to 11 (citrate buffers in the pH range of 3.0 to 4.5, phosphate
buffers in the pH range of 5.0 to 7.5, and borate buffers in the pH range of8.0 to 11.0). An aliquot of purified protein was diluted in the corresponding
buffer solution. Spectra were measured after ~15 min of incubation in
buffer. To measure the temperature dependence of spectra we used a
Cary 100 UV/VIS spectrophotometer equipped with a Cary temperature
controller. Spectra were measured after 10 min of incubation in PBS pH
7.4 at the corresponding temperature.
To measure photoswitching of NowGFP we used illumination of
the sample with custom LED illuminator (assembly of 7 Luxeon Star
LXML-PB01-0040 Rebel LEDs, Lumileds, 470 nm dominant wavelength)
directly in the Cary 100 UV/VIS Spectrophotometer. The light power was
set up to be ~1W/cm2. Purified and dialyzed NowGFP was dissolved in
PBS (pH 7.4). The Cary temperature controller was set to 1C during
the photoswitching and then set to 50C to speed up the light-independent
transition.
Two-photon absorption (2PA) spectrum and cross section were measured
using femtosecond fluorescence technique, described previously (5).
Fluorescein buffer solution (pH 11) was used as a reference standard (6).
The mature chromophore concentration was calculated using the known
extinction coefficient.Gel filtration
High-performance liquid chromatography (HPLC) of the selected fluores-
cent proteins was performed on Varian 210 chromatograph. Gel-filtration
chromatography of 1 mg/ml protein solutions was performed using a
Separon HEMA-BIO 300 8250 mm column (TESSEK Ltd., Prague,
Czech Republic), equilibrated with 40 mM Tris–HCl (pH 7.5), 150 mM
NaCl buffer at a flow rate of 0.5 ml/min. AVarian ProStar 335 flow spec-
trophotometer was used for the detection.Cell lines
The HEK293T cell line was used for production of virus particles. The
strongly adherent HeLa Kyoto cell line was used for stable expression
experiments. Cells were grown at 37C and 5% CO2 in DMEM (Dulbecco’s
modified Eagle’s medium; PanEco, Moscow, Russia) with 10% FBS (fetal
bovine serum; HyClone, GE Healthcare (Little Chalfont, UK)), 4 mM
L-glutamine (PanEco), 10 U/ml penicillin (PanEco), and 10 mg/ml strepto-
mycin (PanEco).Confocal microscopy of HeLa Kyoto cells
expressing NowGFP fusions
HeLa Kyoto cells were transiently transfected with NowGFP, NowGFP-
cytokeratin-18, or NowGFP-H2B under the control of cytomegalovirus
promoter. Cells transfected with NowGFP and NowGFPH2B were imaged
using a Leica confocal inverted microscope DMIRE2 TCS SP2 (Leica,
Wetzlar, Germany); HCX PL APO lbd.BL 63.0  1.40 OIL objective,
excitation by 488 nm laser line, detection at 500 to 530 nm. Cells trans-
fected with NowGFP-cytokeratin-18 were imaged using a Leica SP8
STED 3 microscope (in confocal mode) with a HCX PL APO 100/
1.40 OIL objective. Blue (488 nm) light from the supercontinuum visible
laser was used for excitation at 10% power (software settings), detection at
500 to 550 nm.Transfection and lentiviral transduction
Stable expression of NowGFP was obtained by lentiviral transduction.
Vector particles were generated by calcium phosphate transient transfection
(Invitrogen, Carlsbad, CA) of HEK293T cells. Transient transfections were
performed according to the protocol on the website of Invitrogen. Briefly,
24 h before transfection, 1.5  106 HEK-293T cells were seeded into a
60 mm culture dish. The total of 4 and 1.2 mg of the two packaging plasmidsBiophysical Journal 109(2) 380–389
382 Sarkisyan et al.pR8.91 and pMD.G, respectively, and 5 mg of transfer vector plasmid
comprising NowGFP sequence were used for transfection. Next, 18 ml of
2 M CaCl2 (Invitrogen) solution was added. The DNA-CaCl2 mixture
was filled with sterile H2O (Invitrogen) up to 150 ml. While vortexing the
DNA-CaCl2 solution, 150 ml 2HBS (HEPES-buffered saline, Invitrogen)
were added dropwise. The solution was incubated for 30 min at room
temperature and used for transfection. After 15 h the medium was replaced
with 4 ml of fresh DMEM/10% fetal calf serum. Twenty-four hours after-
ward 12 ml of the medium containing lentiviral vector particles was filtered
(0.45 mm filter) and 10-fold concentrated by Pierce Concentrators, 20 ml
150K MWCO (Thermo Scientific, Waltham, MA). The concentrate was
used for transduction of HeLa Kyoto cells. To create stable cell lines, the
concentrate of lentiviral particles were added to 1  105 HeLa Kyoto cells.
As a result, a cell line with nearly 100% cells stably expressing the target
vector NowGFP was obtained.Expression and imaging of NowGFP in transgenic
Drosophila
Flies expressing NowGFP-NLS under control of UAST promoter were
obtained by directed integration assisted by 4C31 integrase. Flies possess-
ing an unlabeled attP docking site localized in 86F locus (Flybase ID
FBti0077403) and expressing the integrase in germ line-specific manner
were used as parental stock. Injection of pUASTattB-NowGFP-NLS
was performed as described in a previous study (4). The established
insertion was combined with eyeless-specific Gal4 driver system (7) gain-
ing a stock with the following genotype: y*w* ey-Flp, Act5c>CD2,
wþ>Gal4;;M{loxP.UAST-NowGFP-NLS}ZH-86Fb.
As expected the larvae from this stock displayed a strong green fluores-
cence in eye imaginal discs and optic lobes of the brain. To generate
animals expressing both GFP and NowGFP in different tissues, virgins
from the above stock were crossed with males, containing Act5c-GFP
insertion shown to drive strong GFP expression in a nonuniform pattern
because of the presence of particular actin splicing sites in the constructs:
w*; In(2LR)noc4LScorv9R, b1/CyO, P{ActGFP}JMR1 (Flybase ID
FBst0004533). The main GFP-positive tissues in these flies are anterior
regions of larval alimentary tract including the duct of salivary glands.
Third instar larvae from this cross were dissected in cold PBS, briefly
washed, mounted onto glass slides in glycerol/PBS and immediately
imaged with Zeiss Axiovert200M microscope equipped with Becker-Hickl
SPC-830 Time-Correlated Single Photon Counting (TCSPC) board for
fluorescence lifetime imaging microscopy (FLIM).Fluorescence lifetime measurements with
confocal microscope
Fluorescence lifetime measurements were performed using the time-
resolved fluorescence confocal microscope MicroTime 200 (Picoquant
GmbH, Berlin, Germany). Images were obtained using a 60 water
immersion objective. We excited the samples with 473 nm picosecond
diode laser (Picoquant) for excitation and used 500 nm long-pass filter
for emission. Signal registration was performed using a SPAD-detector
(Picoquant).
To get the images, visual focusing on the Talon beads of ~100 mm in
diameter (Clontech) with immobilized protein was performed, and then
the fluorescence lifetime distribution of the protein was calculated using
FLIMmethod (experiments were performed in PBS pH 7.4 at room temper-






where I(t) is the total intensity, Ai is the amplitude corresponding to the life-
time ti, t is the time, and n is the number of exponential components.Biophysical Journal 109(2) 380–389Fluorescence lifetime measurements of purified
proteins in cuvettes
Fluorescence lifetime measurements were performed using the fluores-
cence lifetime spectrometer FluoTime 200 (Picoquant). Measurements
were carried out in a quartz cuvette with the light path 3 mm. Fluorescence
excitation was performed using the 473 nm picosecond diode laser
(Picoquant) at 40 MHz frequency. The signal detection was performed at
510 nm wavelength using a PMT-detector (Picoquant), the detection slit
was set up to 8 nm. Fluorescence decay kinetics were approximated by
Eq. 1 using the FluoFit software (Picoquant).
Alternatively we measured fluorescence lifetime using an Edinburgh
Instruments TCSPC system (Livingston, UK). In these measurements, a
picosecond excitation pulses diode laser (10 MHz, Picoquant) emitting
at 467 nm was used as an excitation light source. The detection system
consisted of a high-speed MicroChannel Plate PhotoMultiplier Tube
(MCP-PMT, Hamamatsu R3809U-50) and TCSPC electronics. The time
resolution of the system was 30 ps after deconvolution with an IRF signal.Fluorescence lifetime measurements
in living mice
Four million NowGFP-expressing HeLa cells in 100 ml of cold Dulbecco’s
Phosphate-Buffered Saline (DPBS, Paneco, Russia) were inoculated subcu-
taneously to the female 20-weeks-old nude mice (BALB/c nude strain,
Animals Breeding Center, Pushchino, Russia). Mice were kept under sterile
barrier condition, usual light/dark cycle, and given food and water ad libi-
tum. All experimental procedures were approved by the local ethical com-
mittee for animal experiments. Animals were treated humanely with regard
for alleviation of suffering. Mice were checked weekly for the development
of tumors. For fluorescence measurements animals were anesthetized by
Zoletil (50 mg/ml, 10 ml per animal) and Rometar 2% (10 ml per animal)
intramuscularly.
The fluorescence lifetimes of tumor xenografts were measured on a DCS-
120 Confocal Scanning FLIM System (Becker & Hickl GmbH). The
485 nm picosecond diode laser (Becker & Hickl) at 80 MHz frequency
was used for the excitation. Emission was detected using a long-pass filter
HQ550LP and band-pass filter 580BP40. FLIM recording was performed
in the FIFO Imaging operation mode of TCSPC module with subsequent
lifetime calculations by SPCM software (Becker & Hickl GmbH, Berlin,
Germany).RESULTS AND DISCUSSION
Mutagenesis
To address the thermal instability of anionic form of
WasCFP we applied several sequential rounds of random
and site-directed mutagenesis. Colonies with brighter green
fluorescence were manually selected on Petri dishes pre-
heated to 50C. To simplify screening we enriched libraries
with fluorescent mutants by fluorescence-activated cell
sorting. At each round, selected mutants were purified and
imaged using FLIM to confirm that fluorescence lifetime
did not decrease during the directed evolution.
WasCFP mutants picked showed gradual increase in
brightness of green fluorescence and in the portion of the
anionic form (Fig. 1 b). It took us five rounds of mutagenesis
to make the anionic form of WasCFP stable and to improve
its overall brightness and maturation. During the directed
evolution we have observed two major improvements in
FIGURE 1 Directed evolution toward NowGFP. (a) Neutral and anionic states of tryptophan-based chromophore have been proposed to exist in equilib-
rium in WasCFP (scheme from Sarkisyan et al. (2)). (b) Normalized absorption spectra (at 37C and pH 7.4) of some of WasCFP mutants selected during the
directed evolution. For each mutant the isosbestic point gathered from the temperature dependence of its spectrum was used as the normalization point. (c)
Normalized optical density at 493 nm for some of the selected mutants at various temperatures. To see this figure in color, go online.
GFP with Anionic Tryptophan Chromophore 383thermal stability of anionic form (Fig. 1 c). Surprisingly,
the first improvement was mediated by a single L42M
substitution.
The final mutant called NowGFP carries 13 substitutions
compared with WasCFP: E6K, L42M, T43S, V68M, I128V,
V150A, N164Y, K166T, N170D, I171V, Q177L, T230P, and
M233A (amino acid sequence of NowGFP is provided in the
Supporting Material). Only three of these mutations, namely
L42M, V68M, and V150A, represent buried residues and
are in a close proximity to the chromophore. Mutations at
these positions were previously found during molecular
evolution of various fluorescent proteins. Position 68 just
after the chromophore-forming triad is known to affect
folding efficiency. For example, V68L substitution is pre-
sent in a fast-maturing GFP mutant (8) and in many yellow
fluorescent protein variants (EYFP, Citrine, Venus) (9,10).
Position 42 was shown to strongly improve maturation of
DsRed (11). Substitution V150A improved the bimolecular
fluorescence complementation assay based on Venus frag-
ments (12). The highest density of surface substitutions in
NowGFP was in the 8th beta-sheet and the next loop (five
substitutions between positions 164 and 177). One of these
mutations, I171V was earlier found to be advantageous in
superfolder GFP (13) and EBFP2 (14). Also, I171L
improved folding of a GFP mutant that can form red chro-
mophore (15).Properties of NowGFP
The absorption and excitation maxima of NowGFP are both
at 494 nmand the emission is peaked at 502 nm (Fig. 2a). The
extinction coefficient (ε) at 494 nm and quantum yield
(QY) of NowGFP at room temperature and neutral pH are
56,700 M1 cm1 and 0.76, respectively. The molecular
brightness, expressed as ε  QY, is thus 43,000 M1 cm1.
The small Stokes shift can be potentially advantageous
for using NowGFP for sensing protein-protein interaction
via homo-FRET induced fluorescence depolarization (16)
because it can provide a significant Fo¨rster radius. Indeed,
our estimation based on the absorption/fluorescence
overlap integral shows that the Fo¨rster radius equals 4.8 nm
(assuming orientation factor k2 ¼ 2/3), which is similar to
or larger than the typical interchromophore distances in the
fluorescent protein dimers, i.e., 3.8 to 6.3 nm, see e.g., a pre-
vious study (17).
We found that similarly to WasCFP, NowGFP equilib-
rium between neutral and anionic forms of the chromophore
depends on temperature and pH. In contrast to WasCFP, the
anionic form in NowGFP dominated at 37C, 50C, and
even higher temperatures (Figs. 1 c and 2 c) and in a broader
pH range. pKa of NowGFP is 6.2 (Fig. 2 b).
NowGFP retained the long fluorescence lifetime of the
parental WasCFP green form. Fluorescence of purifiedBiophysical Journal 109(2) 380–389
FIGURE 2 NowGFP spectral properties. (a) Absorption, excitation, and emission spectra of NowGFP in neutral solution at 37C. (b) pH-titration of
WasCFP and NowGFP. Normalized absorption (493 nm) of WasCFP (blue line) and NowGFP (yellow line), normalized emission of NowGFP (green
line), and amplitude-weighted average fluorescence lifetime of NowGFP (magenta line). (c) Absorption spectra of NowGFP at various temperatures. (d)
Fluorescence decay of NowGFP at pH 7.4 and room temperature (magenta line). Fluorescence was excited at 467 nm and detected at 510 nm. Best fit
with the monoexponential decay (t ¼ 5.1 ns) is shown in orange. To see this figure in color, go online.
384 Sarkisyan et al.protein decayed monoexponentially for more than three
orders of magnitude with the lifetime of 5.1 ns (Fig. 2 d).
We also found that NowGFP lifetime is stable over a wide
range of pH (Fig. 2 b). The gel-filtration experiments
confirmed a monomeric state of NowGFP similar to that
of mCerulean (Fig. S2 in the Supporting Material).
Two-photon absorption spectrum of NowGFP is shown
in Fig. 3 a. Its maximum 2PA cross section is 17 GM
(1 GM ¼ 1050 cm4 s) at 920 nm. Fig. 3 b shows the 2PA
spectrum of the parental mCerulean (5) for comparison.
Transition from neutral (mCerulean) to anionic chromo-
phore only slightly reduces the peak cross-section value
(from 23 to 17 GM). Fig. 3 also presents the linear,
one-photon absorption (1PA) spectra of NowGFP and
mCerulean (full lines). For easier comparison, the one-
photon wavelengths (top x axis) were made to coincide
with one-half of the laser wavelengths, used for two-photon
excitation (bottom x axis). This presentation allows
comparing the shapes of the same optical transitions
observed in 1PA and 2PA spectra.
As one can see, whereas the transition maxima of the
1PA and 2PA spectra of mCerulean almost coincide, the
2PA peak of NowGFP is significantly shifted to shorter
wavelengths with respect to the 1PA peak. Such shiftsBiophysical Journal 109(2) 380–389were previously observed for the fluorescent proteins with
anionic chromophores (GFP- and DsRed-type), whereas
all neutral chromophores (with Tyr, Trp, Phe, and His in
position 66) showed coinciding 1PA and 2PA maxima (5).
This observation provides an independent support of the
anionic state of the chromophore in NowGFP.
The short-wavelength shift of the 2PA maximum was
recently explained by a ‘‘Herzberg-Teller’’-type of vibronic
coupling, specific only for the 2PA transitions in chromo-
phores whose p-conjugation pattern can resonate between
the two limiting forms (18). Therefore this mechanism is
strongly facilitated in the case of the anion. For the NowGFP
chromophore, the resonating forms are shown in Fig. S1
(inset). Furthermore, the 2PA spectrum of NowGFP can
be quantitatively described within the framework of the
model as a sum of two shifted and properly normalized
1PA spectral replicas (18) (Fig. S1).Photoswitching of NowGFP
We found that NowGFP exhibits complex photoswitching
behavior. Brief illumination with blue light reversibly pho-
toswitched NowGFP to the dark state, and then fluorescence
was mainly restored in a few seconds in the dark (data not
FIGURE 3 Two-photon absorption spectra of
NowGFP and mCerulean. Two-photon absorption
spectra (circles) of (a) NowGFP and (b) mCerulean
are presented in absolute cross section values, left
y axis, versus laser wavelength, bottom x axis.
One-photon absorption spectra (green and blue
lines) are presented in extinction coefficient (right
y axis) versus wavelength (top x axis). To see this
figure in color, go online.
GFP with Anionic Tryptophan Chromophore 385shown). In contrast, prolonged continuous illumination re-
sulted in an irreversible photoconversion to a cyan-emitting
state with a low fluorescence quantum yield (Figs. 4 a and
S3). This green-to-cyan photoswitching behavior has never
been observed before in fluorescent proteins.
We also found that photoconversion was followed by a
light-independent transition to yet another spectral state.
This transition occurred in the timescale of hours and wasFIGURE 4 Photoconversion of NowGFP. (a) Absorption spectra of NowGFP
times (PBS pH 7.4, 1C, 470 nm light, ~0.1 W/cm2). The spectrum of mCerulea
of Cerulean is shown to isomerize around Cb-Cg bond. (b) Absorption spectra
The spectrum of mCerulean at neutral conditions (pH 7.5) is overlaid as dashed
tryptophan-based chromophore (state 1) converts into the Cb-Cg-isomerized n
into the normal Cerulean-like conformation of the neutral chromophore (state 3accompanied by a minor recovery of the anionic form.
Higher temperatures sped up the process (Fig. 4 b). We
found that the photoconverted form is spectrally similar to
the Cb-Cg-isomerized neutral Trp-based chromophore re-
ported previously for Cerulean in acidic conditions (19)
(Fig. 4 a). In addition, light-independent transition results
in a form spectrally similar to Cerulean in neutral conditions
(Fig. 4 b).during the light-dependent phase of photoconversion at indicated exposure
n (pH 3.3) is overlaid as dashed line. In acidic conditions the chromophore
changes during the relaxation process at indicated relaxation conditions.
line. (c) Proposed structural bases of NowGFP photoconversion. Anionic
eutral chromophore (state 2) upon blue light irradiation and then relaxes
). To see this figure in color, go online.
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386 Sarkisyan et al.Based on these observations we propose the following
explanation for the recorded spectral species (Fig. 4 c).
Blue light illumination of NowGFP induces photoisomeri-
zation of the anionic form of the chromophore (state 1)
along the Cb-Cg bond and results in the state 2. The
observed hypsochromic spectral shift is likely attributable
to the protonation of chromophore caused by the disrup-
tion of chromophore-Lys61 interaction that we proposed
earlier (2). The photoisomerization is accompanied by an
unknown irreversible photochemical process that is unfavor-
able for the anionic form recovery. The subsequent relaxa-
tion is a slow reverse isomerization along Cb-Cg bond that
results in the state 3. This is a neutral Cerulean-like chromo-
phore that can be achieved reversibly in NowGFP by tem-
perature increase or by a slight acidification (pH 6-7).
However, the recovery of the anionic form does not happen
in the state 3 because the chromophore environment has
been irreversibly changed during the photoconversion.
Despite the photoswitching, NowGFP-expressing cells can
be imaged under the moderate light intensities (less than
~0.05 W/cm2.) allowing acquisition of well-resolved pic-
tures in a confocal mode (Figs. 5 and S4).FIGURE 5 Confocal microscopy of NowGFP. Images of HeLa cells tran-
siently expressing NowGFP in (a) cytoplasm, or NowGFP fused with (b)
histone H2B or (c) cytokeratin-18. Scale bars: 15 mm. To see this figure
in color, go online.
Biophysical Journal 109(2) 380–389NowGFP provides an additional time channel for
FLIM microscopy
The fluorescence lifetime of NowGFP is 5.1 ns in vitro,
whereas for EGFP and other green fluorescent proteins it
lies typically in the range of 2 to 3 ns (5,20) (see Table 1).
When we expressed NowGFP in HeLa cells, we observed
shortened (to 4.5 ns, Fig. S5) fluorescence lifetime; similar
lifetime shortening has been reported for other fluorescent
proteins in vivo (21). Still, NowGFP could potentially be
imaged simultaneously with another green fluorescent pro-
tein with high lifetime contrast.
To test this, we coexpressed NowGFP-labeled histone
H2B with the EGFP-NES (nuclear export signal) in the
same cell. We found that NowGFP signal can be clearly
separated from that of EGFP (Fig. 6) with the lifetime
contrast of 1.8 ns.
To show that NowGFP fluorescence is robust enough
for animal research applications and could be separated
from GFP in tissue samples, we established transgenic
Drosophila encoding NowGFP-NLS under UAS control.
We expressed the protein with the assistance of the
eyeless-specific Gal4 driver in the eye discs and optic lobes
of the brain. Adult flies did not display any distortions in the
eye suggesting low toxicity of nuclear NowGFP (Fig. S6).
These insertions were further combined with a particular
Actin5c-EGFP transgene driving strong expression in the
duct of salivary glands as well as in anterior region of
alimentary tract.
For FLIM microscopy we analyzed dissected organs from
the anterior of the third instar larvae—eye imaginal discs,
brains, salivary glands, and guts. The analysis of dissected
tissue samples with FLIM microscope revealed the expected
patterns of expression. Clear separation of two fluorescent
proteins was achieved (Fig. 7), despite the expected short-
ening of fluorescence lifetimes of both EGFP and NowGFP
upon glycerol mounting (22–25).
We have also examined NowGFP performance in vivo in
a living mouse. HeLa cell line with stable expression of
NowGFP was used for inoculation of nude mice, and later
tumor xenografts were imaged in a FLIM mode (Fig. S7).
NowGFP fluorescence could be easily detected through
the mouse’s skin and the fluorescence lifetime in tumors
was ~4.6 ns. The reported EGFP fluorescence lifetime in
similar models is 2.8 ns (26).
It should be noted, that the high repetition rate of Ti:Sa
lasers (80 MHz) may constitute a technical problem for
the FLIM measurements of NowGFP under the two-photon
conditions. To ensure that all the molecules excited by one
pulse completely decayed by the arrival of the next pulse
and achieve maximum separation of NowGFP channel, laser
sources with lower repetition rates are preferable.
These results demonstrate that NowGFP can be used as a
tag in FLIM-microscopy both in vitro and in vivo and pro-
vides an additional channel for multiparameter imaging
TABLE 1 Comparison of spectroscopic properties of various green fluorescent proteins






Lifetime (ns) pKa Reference
SGFP2-T65G 501/512 90,000 0.35 1.5 to 1.6 6.7 (20)
EGFP 488/509 55,000 0.60 2.4, 2.6, 2.7 6.0 (27), this article, (28)
TagGFP 482/505 58,000 0.59 2.6 4.7 (29)
mNeonGreen 506/517 116,000 0.80 2.6 to 2.7 5.7 (30)
WasCFP 494/505 51,000 0.85 5.1 6.9 (2)
NowGFP 494/502 57,000a 0.76a 5.1 6.2 this article
aEC, QY, and lifetime of NowGFP were measured in PBS pH 7.4 at 23C.
GFP with Anionic Tryptophan Chromophore 387together with EGFP and other green fluorescent proteins
(Table 1).CONCLUSIONS
Recently we discovered that anionic state of tryptophan-
based chromophore is principally achievable in a fluorescent
protein (2). However, the charged state of the chromophore
was stable at low temperature or high pH only. In this study
we developed fluorescent protein NowGFP that carries
anionic tryptophan chromophore at physiological condi-
tions and thus can be applied in biological models.
The excitation (494 nm) and emission (502 nm)maxima of
NowGFP are close to those of EGFP (488 and 509 nm)mean-
ing that NowGFP fits well to the common GFP filter sets.
The molecular brightness of NowGFP (43,000 M1cm1)
is 30% higher than that of EGFP (33,000 M1cm1). The
two-photon absorption spectrum of NowGFP has maximum
cross section of 17 GM at 920 nm, well within the tissue
transparency window. This makes NowGFP attractive for
two-photon laser scanning microscopy applications.
The observed blue shift of the 2PA maximum compared
with expected doubled one-photon excitation peak (494 
2 ¼ 978 nm) provides a new evidence for the anionic state
of the chromophore in NowGFP, as it was previously docu-
mented for various fluorescent proteins with anionic chro-
mophores (5).FIGURE 6 Fluorescence lifetime separation of EGFP and NowGFP sig-
nals inHeLa cells. Fluorescence lifetime imagingmicroscopy ofHeLaKyoto
cells transiently transfectedwith NowGFP-H2Bwith EGFP-NES constructs:
(a) intensity image and (b) fluorescence lifetime image. Pseudocolor indi-
cates the average fluorescence lifetime. To see this figure in color, go online.Upon blue light illumination, NowGFP demonstrates a
green-to-cyan photoconversion that was never observed
before in fluorescent proteins. The exact molecular mecha-
nism of this photoconversion is unclear and requires further
structural studies.
Spectrally similar fluorescent proteins can be distin-
guished based on fluorescence lifetimes (27,31–33). How-
ever, numerous factors affect fluorescence lifetime in the
sample. For instance, high local refractive index around
fluorescent protein leads to a shorter lifetime (22). Addi-
tional factors include the local viscosity, pH, interaction
with other molecules (34,35), temperature (26), and cell
physiology (36). Lifetime-based unmixing is further com-
plicated by the fact that various fluorescent proteins are
affected by these factors differently, one notable example
being the effect of the mounting media (23). Thus, to ensure
robust FLIM unmixing one needs to choose fluorescent
proteins with substantially different fluorescence lifetimes.
Very recently, lumazine binding protein (LUMP) was
demonstrated to be an excellent tag for quantitative fluores-
cence anisotropy measurements of protein hydrodynamics
because of the exceptionally high fluorescence lifetime
(13.6 ns) of the LUMP-ribityl-lumazine complex (37).
However, ribityl-lumazine is synthesized endogenously in
bacterial, plant, and fungal cells only (38). Thus, LUMP
cannot be used as a genetically encoded tag in animal cells.
To the best of our knowledge, NowGFP and its parental
protein, WasCFP, possess the longest fluorescence lifetime
among all GFP-like fluorescent proteins developed to date
(see Table 1 for comparison of green fluorescent proteins).
We tested NowGFP in various models, namely, purified
protein, mammalian cells, mouse tumor xenografts, and
transgenic Drosophila. In all experimental conditions tested,
the observed fluorescence lifetime of NowGFP was 1.5- to
twofold longer than that of EGFP.
To conclude, NowGFP provides an additional time
channel for multiparameter FLIM microscopy of green
fluorescent proteins. NowGFP appears to be a promising
core for construction of FLIM-FRET sensors with expanded
dynamic range because of the sharp fluorescence lifetime
contrast between NowGFP and other green fluorescent
proteins. The small Stokes shift and consequently the signif-
icant Fo¨rster radius for the homo-FRET between the two
NowGFP particles may facilitate its use in the detection ofBiophysical Journal 109(2) 380–389
FIGURE 7 FLIM-based distinguishing between
NowGFP and EGFP in tissues of transgenic
Drosophila. EGFP and NowGFP were expressed
in different organs of the third instar Drosophila
larvae. (a) The intensity of green fluorescence
(both EGFP and NowGFP) in the clump of
dissected tissues. Organs are labeled as: ph, phar-
ynx; dsg, duct of salivary glands; ed, eye imaginal
disc; ol, optic lobe; fg, foregut; and pr, proventric-
ulus. (b) Spatial distribution of fluorescence life-
times shows the expected pattern. Pseudocolor
indicates the average fluorescence lifetime. (c)
The diagram showing expression patterns of
NowGFP and EGFP expression in the larval ante-
rior region. Organ labels are the same as in (a).
To see this figure in color, go online.
388 Sarkisyan et al.protein-protein interactions via FRET-induced fluorescence
depolarization. The high level of stability of the anionic
chromophore of NowGFP makes it possible to perform
detailed structural and biophysical characterization of this
unusual chromophore state.SUPPORTING MATERIAL
An amino acid sequence, seven figures, and one table are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00600-1.AUTHOR CONTRIBUTIONS
K.S.S., K.A.L., A.P.S., M.D., K.M.S., T.E.H., A.R., P.L., and A.S.M.
conceived and designed the experiments; K.S.S., G.V.S., D.A.G., N.G.B.,
A.R.P., A.P.R., V.V.Z., A.Y.G., A.S.G., P.L., J.L., K.M.S., and A.S.M. per-
formed the experiments; K.S.S., K.A.L., K.M.S., A.S.B., J.R.L., P.L., M.D.,
and A.S.M. analyzed the data; and K.S.S., P.L., A.S.G., K.M.S., M.D.,
K.A.L., and A.S.M. wrote the article.ACKNOWLEDGMENTS
This work was supported by Russian Foundation for Basic Research grants
13-04-01878-A (A.S.M.), 13-04-40303-H (K.A.L.), 13-04-40305-O
(A.P.S.), and 13-04-40105-O (G.V.S.), and by Molecular and Cell Biology
program of the Russian Academy of Sciences (K.A.L. and A.P.S.). Exper-
iments were partially carried out using the equipment provided by IBCH
sore facility (CKP IBCH). K.M.S. acknowledges generous support from
the National Science Foundation (CHE-1213047). J.R.L., M.D., A.R.,
and T.H.E. thank the support from the National Institutes of Health, grants
R01 GM 098083 and 1 R01 NS083875-01. A.S.B. acknowledges support
from National Institutes of Health, grant R21EB009976-01.
We would like to thank Holly Aaron, Yury Belyaev, and Hugo Zapadny for
their assistance with the FLIM-microscopes. We thank Geoffrey Wicks and
Alexander Mikhaylov for the technical help.REFERENCES
1. Chudakov, D. M., M. V. Matz,., K. A. Lukyanov. 2010. Fluorescent
proteins and their applications in imaging living cells and tissues.
Physiol. Rev. 90:1103–1163.Biophysical Journal 109(2) 380–3892. Sarkisyan, K. S., I. V. Yampolsky,., A. S. Mishin. 2012. Tryptophan-
based chromophore in fluorescent proteins can be anionic. Sci. Rep.
2:608.
3. Matsumoto, A., and T. Q. Itoh. 2011. Self-assembly cloning: a rapid
construction method for recombinant molecules from multiple frag-
ments. Biotechniques. 51:55–56.
4. Bischof, J., R. K. Maeda,., K. Basler. 2007. An optimized transgen-
esis system for Drosophila using germ-line-specific phiC31 integrases.
Proc. Natl. Acad. Sci. USA. 104:3312–3317.
5. Drobizhev, M., N. S. Makarov, ., A. Rebane. 2011. Two-photon ab-
sorption properties of fluorescent proteins. Nat. Methods. 8:393–399.
6. Makarov, N. S., M. Drobizhev, and A. Rebane. 2008. Two-photon ab-
sorption standards in the 550–1600 nm excitation wavelength range.
Opt. Express. 16:4029–4047.
7. Pignoni, F., and S. L. Zipursky. 1997. Induction of Drosophila eye
development by decapentaplegic. Development. 124:271–278.
8. Cormack, B. P., R. H. Valdivia, and S. Falkow. 1996. FACS-optimized
mutants of the green fluorescent protein (GFP). Gene. 173:33–38.
9. Griesbeck, O., G. S. Baird,., R. Y. Tsien. 2001. Reducing the envi-
ronmental sensitivity of yellow fluorescent protein. Mechanism and
applications. J. Biol. Chem. 276:29188–29194.
10. Nagai, T., K. Ibata,., A. Miyawaki. 2002. Avariant of yellow fluores-
cent protein with fast and efficient maturation for cell-biological appli-
cations. Nat. Biotechnol. 20:87–90.
11. Bevis, B. J., and B. S. Glick. 2002. Rapidly maturing variants of the
Discosoma red fluorescent protein (DsRed).Nat. Biotechnol. 20:83–87.
12. Nakagawa, C., K. Inahata, ., K. Sugimoto. 2011. Improvement of a
Venus-based bimolecular fluorescence complementation assay to visu-
alize bFos-bJun interaction in living cells. Biosci. Biotechnol. Biochem.
75:1399–1401.
13. Pe´delacq, J.-D., S. Cabantous, ., G. S. Waldo. 2006. Engineering
and characterization of a superfolder green fluorescent protein. Nat.
Biotechnol. 24:79–88.
14. Ai, H.-W., N. C. Shaner,., R. E. Campbell. 2007. Exploration of new
chromophore structures leads to the identification of improved blue
fluorescent proteins. Biochemistry. 46:5904–5910.
15. Mishin, A. S., F. V. Subach,., V. V. Verkhusha. 2008. The first mutant
of the Aequorea victoria green fluorescent protein that forms a red
chromophore. Biochemistry. 47:4666–4673.
16. Vogel, S. S., C. Thaler,., S. V. Koushik. 2010. Time-resolved fluores-
cence anisotropy. In FLIM Microscopy in Biology and Medicine.
A. Periasamy and R. M. Clegg, editors. Chapman & Hall, Taylor &
Francis Group, Boca Raton, FL., pp. 245–288.
17. Khrenova, M., I. Topol,., A. Nemukhin. 2015. Estimating orientation
factors in the FRET theory of fluorescent proteins: the TagRFP-KFP
pair and beyond. Biophys. J. 108:126–132.
GFP with Anionic Tryptophan Chromophore 38918. Drobizhev, M., N. S. Makarov,., A. Rebane. 2012. Describing two-
photon absorptivity of fluorescent proteins with a new vibronic
coupling mechanism. J. Phys. Chem. B. 116:1736–1744.
19. Lelimousin, M., M. Noirclerc-Savoye, ., A. Royant. 2009. Intrinsic
dynamics in ECFP and Cerulean control fluorescence quantum yield.
Biochemistry. 48:10038–10046.
20. Kremers, G.-J., J. Goedhart, ., T. W. J. Gadella, Jr. 2007. Improved
green and blue fluorescent proteins for expression in bacteria and
mammalian cells. Biochemistry. 46:3775–3783.
21. Suhling, K., P. M. W. French, and D. Phillips. 2005. Time-resolved
fluorescence microscopy. Photochem. Photobiol. Sci. 4:13–22.
22. Suhling, K., J. Siegel,., D. M. Davis. 2002. Imaging the environment
of green fluorescent protein. Biophys. J. 83:3589–3595.
23. Joosen, L., M. A. Hink,., J. Goedhart. 2014. Effect of fixation proce-
dures on the fluorescence lifetimes of Aequorea victoria derived fluo-
rescent proteins. J. Microsc. 256:166–176.
24. Borst, J. W., M. A. Hink, ., A. J. W. G. Visser. 2005. Effects of
refractive index and viscosity on fluorescence and anisotropy decays
of enhanced cyan and yellow fluorescent proteins. J. Fluoresc.
15:153–160.
25. Ganguly, S., A. H. Clayton, and A. Chattopadhyay. 2011. Fixation
alters fluorescence lifetime and anisotropy of cells expressing EYFP-
tagged serotonin1A receptor. Biochem. Biophys. Res. Commun. 405:
234–237.
26. Kumar, A. T. N., E. Chung,., D. A. Boas. 2009. Feasibility of in vivo
imaging of fluorescent proteins using lifetime contrast. Opt. Lett. 34:
2066–2068.
27. Pepperkok, R., A. Squire,., P. I. Bastiaens. 1999. Simultaneous detec-
tion of multiple green fluorescent proteins in live cells by fluorescence
lifetime imaging microscopy. Curr. Biol. 9:269–272.28. Seefeldt, B., R. Kasper, ., M. Sauer. 2008. Fluorescent proteins for
single-molecule fluorescence applications. J. Biophotonics. 1:74–82.
29. Shcherbo, D., E. A. Souslova,., D. M. Chudakov. 2009. Practical and
reliable FRET/FLIM pair of fluorescent proteins. BMC Biotechnol.
9:24.
30. Shaner, N. C., G. G. Lambert,., J. Wang. 2013. A bright monomeric
green fluorescent protein derived from Branchiostoma lanceolatum.
Nat. Methods. 10:407–409.
31. Kremers, G.-J., E. B. van Munster,., T. W. J. Gadella, Jr. 2008. Quan-
titative lifetime unmixing of multiexponentially decaying fluorophores
using single-frequency fluorescence lifetime imaging microscopy.
Biophys. J. 95:378–389.
32. Merzlyak, E. M., J. Goedhart,., D. M. Chudakov. 2007. Bright mono-
meric red fluorescent protein with an extended fluorescence lifetime.
Nat. Methods. 4:555–557.
33. Goedhart, J., L. van Weeren, ., T. W. J. Gadella, Jr. 2010. Bright
cyan fluorescent protein variants identified by fluorescence lifetime
screening. Nat. Methods. 7:137–139.
34. Lakowicz, J. R. 2006. Principles of Fluorescence Spectroscopy.
Springer, Boston, MA.
35. Valeur, B. 2001. Molecular Fluorescence—Principles and Applica-
tions. Wiley-VCH Verlag, New York.
36. Pliss, A., L. Zhao, ., P. N. Prasad. 2012. Fluorescence lifetime of
fluorescent proteins as an intracellular environment probe sensing the
cell cycle progression. ACS Chem. Biol. 7:1385–1392.
37. Hoepker, A. C., A. Wang,., G. Marriott. 2015. Genetically encoded
sensors of protein hydrodynamics and molecular proximity. Proc. Natl.
Acad. Sci. USA. 112:E2569–E2574.
38. Fischer, M., and A. Bacher. 2005. Biosynthesis of flavocoenzymes.
Nat. Prod. Rep. 22:324–350.Biophysical Journal 109(2) 380–389
